Strains of Moraxella sp., Pseudomonas sp., and Flavobacterium sp. able to grow on biphenyl were isolated from sewage. The bacteria produced 2.3 to 4.5 g of protein per mol of biphenyl carbon, and similar protein yields were obtained when the isolates were grown on succinate. Mineralization of biphenyl was exponential during the phase of exponential growth of Moraxella sp. and Pseudomonas sp. In biphenyl-supplemented media, Flavobacterium sp. had one exponential phase of growth apparently at the expense of contaminating dissolved carbon in the solution and a second exponential phase during which it mineralized the hydrocarbon. Phase-contrast microscopy did not show significant numbers of cells of these three species on the surface of the solid substrate as it underwent decomposition. Pseudomonas sp. did not form products that affected the solubility of biphenyl, although its excretions did increase the dissolution rate. It was calculated that Pseudomonas sp. consumed 29 nmol of biphenyl per ml in the 1 h after the end of the exponential phase of growth, but 32 nmol of substrate per ml went into solution in that period when the growth rate had declined. In a medium with anthracene as the sole added carbon source, Flavobacterium sp. converted 90% of the substrate to water-soluble products, and a slow mineralization was detected when the cell numbers were not increasing. Flavobacterium sp. and Beijerinckia sp. initially grew exponentially and then arithmetically in media with phenanthrene as the sole carbon source. Calculations based on the growth rates of these bacteria and the rates of dissolution of phenanthrene suggest that the dissolution rate of the hydrocarbon may limit the rate of its biodegradation.
Strains of Moraxella sp., Pseudomonas sp., and Flavobacterium sp. able to grow on biphenyl were isolated from sewage. The bacteria produced 2.3 to 4.5 g of protein per mol of biphenyl carbon, and similar protein yields were obtained when the isolates were grown on succinate. Mineralization of biphenyl was exponential during the phase of exponential growth of Moraxella sp. and Pseudomonas sp. In biphenyl-supplemented media, Flavobacterium sp. had one exponential phase of growth apparently at the expense of contaminating dissolved carbon in the solution and a second exponential phase during which it mineralized the hydrocarbon. Phase-contrast microscopy did not show significant numbers of cells of these three species on the surface of the solid substrate as it underwent decomposition. Pseudomonas sp. did not form products that affected the solubility of biphenyl, although its excretions did increase the dissolution rate. It was calculated that Pseudomonas sp. consumed 29 nmol of biphenyl per ml in the 1 h after the end of the exponential phase of growth, but 32 nmol of substrate per ml went into solution in that period when the growth rate had declined. In a medium with anthracene as the sole added carbon source, Flavobacterium sp. converted 90% of the substrate to water-soluble products, and a slow mineralization was detected when the cell numbers were not increasing. Flavobacterium sp. and Beijerinckia sp. initially grew exponentially and then arithmetically in media with phenanthrene as the sole carbon source. Calculations based on the growth rates of these bacteria and the rates of dissolution of phenanthrene suggest that the dissolution rate of the hydrocarbon may limit the rate of its biodegradation.
In the routine testing for biodegradation, organic chemicals are added to aqueous solutions at concentrations of 2 to 100 ,Lg/ml. Because these concentrations exceed the water solubilities of many organic compounds, the validity of such tests has been questioned (2, 6) . The metabolism of several organic substrates with water solubilities below 10 jig/ml at 25°C is well characterized (7, 10) .
To mineralize or grow on substrates having low solubilities in water, microorganisms may require some physiological adaptation. Particular attention has been given to the growth and utilization of aliphatic hydrocarbons by bacteria (3, 14) . Several mechanisms to facilitate the uptake of aliphatic hydrocarbons are known, for example, the formation of emulsifiers (9, 16) or the modification of the cell surface to increase its affinity for hydrophobic substrates and thus facilitate their absorption (11, 12) . Aromatic compounds are of special interest because many are significant environmental pollutants, and millions of tons of such chemicals are used each year. Concern with the possible ecological effects of some of the aromatic compounds that are poorly soluble in water has resulted in a request by the U.S. Environmental Protection Agency for information on their biodegradation, as in the cases of anthraquinone, cumene, and biphenyl (20) . The bacterial utilization of several aromatic hydrocarbons with low water solubilities has been investigated (14, 21) . It has also been reported recently that the rate of mineralization at the end of the active phase of biodegradation by a mixed culture of microorganisms was less than the rate of spontaneous dissolution of palmitic acid but greater than the rate of spontaneous dissolution of octadecane (18) .
The present study was designed to relate the kinetics of bacterial growth on several poorly soluble aromatic compounds to their rates of dissolution and solubilities in water. ), more than 90% of the radioactivity added (18.3 kBq) was recovered in the third vial, and usually less than 0.5% of the counts was recovered in the fourth vial. Duplicate 2.0-ml portions each from vials 3 and 4 were added to plastic vials containing 9 ml of Liquiscint.
MATERIALS AND METHODS

Medium
The radioactivity was counted with a liquid scintillation counter (model LS 7500; Beckman Instruments, Inc., Irvine, Calif.). Mass transfer rates and solubility. The rates of mass transfer from solid to liquid state (or dissolution) were determined by using the identical type of bottle and the same conditions used for the tests of mineralization, except that no organisms were added. The rates for the labeled compounds were determined by counting the radioactivity, whereas the rates for unlabeled compounds were determined by gas chromatography. The test compound (50 ,ug) was dissolved in dichloromethane, the solution was added to 250-ml bottles, and the solvent was evaporated. The inorganic salts solution then was added, and the bottle was placed immediately in a water bath set at 29°C and operating at 90 rpm. Duplicate samples that contained no visible particles were taken from the soluble phase with a syringe after 1, 2.5, 5, 10, 15, and 20 min. Samples (1 ml) were added to plastic vials, and 9 ml of Liquiscint was added to count the radioactivity. For gas chromatographic analyses, 4.0-ml samples were vigorously shaken with 0.5 ml of hexane, and 2-,il portions of the organic phase were injected into a gas chromatograph (model 3920B; Perkin Elmer Corp., Norwalk, Conn.) equipped with a flame ionization detector and fitted with a glass column packed with 3% OV17 on 100/120 mesh Gas Chrom Q (Supelco Inc., Bellefonte, Pa. (Fig. 2) ; 40 and 30% of the substrate were mineralized at those concentrations. Beijerinckia sp. grew at a slightly faster rate than Fla'bacterium sp., and it mineralized 40 and 33% of the hydrocarbon at the lower and higher concentrations, respectively. Gas chromatographic analysis, which was sensitive to 25 ng/ml, revealed no residual substrate at the end of the experiment with 84 F.M phenanthrene and less than 0.6 pLg/ml for both bacteria in media with 318 F.M phenanthrene. The exponential phase of growth of Flai'obacteriu,n sp. slowed down at densities of about 7 x 106 and 3 x 107 cells per ml at the lower and higher substrate concentrations, respectively, but growth and mineralization still continued thereafter. To study the mineralization of anthracene, Flavohacteiimn sp. was grown in the salts solution containing 2 mM succinate. Duplicate flasks containing 5.6 p.M labeled anthracene and 2 mM succinate were then inoculated with 2.5 x 108 cells per ml, and flasks with anthracene alone received 5 x i04 cells per ml. Succinate (7 mM) and 100 mg of (NH4)2SO4 per liter were added at 24 days to each of the former flasks. The bacterium grew in the medium with only the hydrocarbon, but it brought about detectable mineralization only when the cells were in the stationary phase (Fig. 3) . The decline in CO, probably resulted from a decline in the rate of 14Co0 production and dilution of labeled CO, in solution with unlabeled CO, in the headspace in the bottle. In the succinate-supplemented medium, which also had higher cell densities, the mineralization rate was the same, but the period of mineralization lasted considerably longer; 18% of the substrate was mineralized in 40 days. Succinate also increased the cell numbers, although the initial period of mineralization occurred as the cell numbers were falling.
Influence of solubility and dissolution rate. Most of the hydrocarbon added to the media in the previous experiments was initially insoluble. Phase-contrast microscopy did not reveal the presence of cells of Flavobacterium sp. Mor-axella sp., or Pseuidoinonias sp. on the surface of the solid biphenyl that had been added to the inoculated salts solution; therefore, extensive colonization of the solid did not occur.
The solubilities of the hydrocarbons at 29°C in the inorganic salts solutions, which were determined by measuring the amount of 14C in the aqueous phase, were 42 and 9.5 F.M for biphenyl and phenanthrene, respectively (Table 2) .
These values are similar to those cited by Pearlman et al. (15) at 25°C, namely, 46 ± 5 and 7.2 + 1.9 F.M. These authors also reported the solubility of phenanthrene to be 0.37 ± 0.1 F.M. Because the rates of dissolution declined somewhat after the first point, the values presented, which are based on the analyses of the first points, may be somewhat greater than those shown. The two methods of measuring dissolution rates gave similar results, namely, about 9 and 3 nM/s for biphenyl and phenanthr-ene, respectively ( cause the radiochemical contaminants may be responsible for the higher apparent dissolution rates determined by the procedure involving 14C, subsequent calculations used only the rates estimated by the chromatographic procedure. The rates determined by means of 14C were always higher than those obtained by gas chromatography.
Because 3.5 x 108 cells of Pseudomonas sp., the fastestgrowing biphenyl user, were formed per ml in a medium with 162 ,uM biphenyl, each cell consumed an average of 0.47 fmol of substrate. At the end of the exponential phase in this medium, during which the growth rate was 0.27 doubling per h, the bacterial density was 2.0 x 108 cells per ml. Based on these values, the population at the end of the exponential phase would be expected to produce 6.2 x 107 cells per ml in the next 1 h, a time when some factor is causing a decline in the growth rate. Taking the value of 0.47 fmol of biphenyl consumed per cell, these new cells would consume 29 nmol of substrate per ml, i.e., 29 puM. From the measured dissolution rate of 8.8 nM/s, it can be calculated that 32 p.M biphenyl went into solution in this 1-h period. Thus, the dissolution rate did not appear to have limited the biodegradation rate in the preceding phase of exponential growth, although the subsequent multiplication may have been governed by the dissolution rate.
To determine whether solubilizing agents were produced by Pseudomonas sp. during its growth in media with 162 puM biphenyl or 10 mM succinate, a culture taken in the stationary phase was centrifuged at 10,000 x g, the supernatant fluid was sterilized by passage through filters with a pore size of 0.2 ,um, and 55 F.M biphenyl was suspended in the liquid.
The mixture was incubated at 29°C for 24 h, and the amount of biphenyl in the aqueous phase was determined in duplicate. The solubility in this spent medium was 41 ± 4 ptM. It is not certain whether the rate of dissolution governs the rate of biodegradation of sparingly soluble organic chemicals in natural ecosystems. In nature, microbial growth rates are often low, and the cell densities of species acting on such substrates are probably small. Nevertheless, because many synthetic chemicals have low water solubilities, studies should be conducted to assess the rate of dissolution in governing microbial metabolism in natural conditions.
